Refracturing is an effective technology for reinstituting a percolation path and improving the fracture conductivity in coal measure strata. Hydraulic fracture (HF) propagation is complicated due to the presence of cleats and stress change caused by pore pressure changes. Many scholars have studied HF propagation in the initial fracturing of coal, but the refracturing in coal seams is rarely mentioned. In this study, laboratory refracturing experiments were conducted on large natural coal specimens under various triaxial stress states to investigate the propagation of HFs in coal seams. The mechanical properties of coal were tested before refracturing. The maximum and the minimum horizontal principal stresses are inverted to simulate the stress change caused by the production and pore pressure reduction of the stress condition after initial fracturing. Experimental results showed three different types of HF initiation and propagation during refracturing: (1) under low horizontal stress differences (0-2 MPa), HF propagated along the cleats, and no new HFs were formed on the walls of the initial HFs regardless of changes in the horizontal stress; (2) under high horizontal stress differences (4-8 MPa) with no stress inversion, a major HF was initiated parallel to the orientation of maximum horizontal stress during initial fracturing; new branches propagated along cleats in the orientation of the minimum horizontal stress during refracturing; and (3) under high horizontal stress differences (4-8 MPa) with maximum and minimum horizontal stress inversions, the main HF formed along the orientation of the maximum horizontal stress, and a new HF perpendicular to the initial HF was formed during refracturing. Multiple factors affect fracture morphology during refracturing. Cleats affect the HF growth path and the creation of new branches. The in situ stress determines the initiation and propagation of new HFs.
Introduction
Coal seams are often characterized by extremely low permeability and a unique natural fracture network system consisting of cleats. Hydraulic fracturing is a widely applied measure that can create HFs and improve the connectivity of natural fractures (NFs) in coal seams [1] [2] [3] [4] [5] [6] . However, during production, CBM wells tend to be deficient due to decreasing fracture conductivity, which results in declining productivity. Refracturing is an effective means to restore productivity after initial fracturing and after production is complete in unconventional reservoirs [7, 8] . Currently, the success rate of refracturing on underperforming fractured wells is not high, partially due to a lack of understanding of HF propagation. In addition, the anisotropy of coal, the existence of initial HFs, and the disturbance of earlier production activities all make refracturing treatments more complex. Further study on HF propagation in refracturing is required.
Low permeability leads to difficulty of gas flow inside the coal matrix, and cleats become the main channels to connect the matrix and the fractures [9] [10] [11] . Cleats are a unique fracture system consisting of face and butt cleats distributed in the interior of the coal seam. Face and butt cleats intersect bedding planes (BP) at a right or high angle, dividing the coal into a plurality of block matrices ( Figure 1 ). The existence of this special structure determines the mechanical properties of the coal. Typically, compared to mudstone and sandstone, the Young modulus, shear modulus, and shear strength of coal are lower, the gradient of breakdown pressure is smaller, and the gradient of collapse pressure is larger [12, 13] .
Therefore, the fracture propagation mechanisms of a coal seam are likely to be distinct from those associated with conventional reservoirs. Many scholars have investigated hydraulic fracturing in coal seams using experiments [14] [15] [16] and numerical simulations [17] [18] [19] . They believe that a single horizontal or vertical fracture can be formed under a large principal stress difference during fracturing; they also observed that the blockage of the fracture entrance by pulverized coal may cause a great pressure drop in fractures near the wellbore. When the in situ stress variation occurs or a HF approaches cleats, HFs will change their growth orientation and propagate along cleats, break through at the weak point of a cleat, or be terminated at cleats. Many researchers have demonstrated that geological discontinuities represented by NFs, such as cleats, can effectively affect fracture propagation and morphology [20] [21] [22] . Some scholars [23] suggest that the fluid will first permeate the interface when HFs propagate along the vertical direction of a discontinuum. The research of Warpinski et al. [24] shows that NFs can cause a large amount of fluid filtration, create masses of branches, and make the main HF extend to the NF zone. Li et al. [25] studied the propagation mechanism of HFs in the coal seam roof and floor. Test results show that when the difference between vertical stress and horizontal stress is large (5 MPa), vertical HFs are formed during fracturing and HFs penetrate the roof and floor into the pay formation. The influence of NFs on HF propagation is related to the approaching angle, the parameters of the NFs, the injection pressure, and the in situ stress.
In addition to cleats, the distribution of the stress field also has an important influence on the expansion of HFs. A stress reversal region is formed because of the depletion of pore pressure [26] . The pore pressure is elliptically distributed around the initial HF after fracturing. During production, the distribution of pore pressure around fractures is depleted in an elliptical zone around the fracture, resulting in a larger stress reduction in the long direction of the ellipse; thus, the whole distribution of field stress changes when pore pressure decreases [27] . Stress depletion along the direction of maximum horizontal stress is higher than that in the direction of the minimum horizontal stress. As a result, the stress reversal region forms in the vicinity of the initial HF [28] . Therefore, in the stress reversal region, new HFs may propagate along new orientations, a phenomenon reported from field tests [29] and laboratory experiments [30] . New HF propagation is affected by many factors, including stress states, mechanical properties of the rock, and initial HF parameters. Roussel and Sharma [31] consider the impact of the coupled poroelastic and mechanical effects on nearwellbore stress distribution. They conclude that the existence of an initial HF and changes of pore pressure induce fracture reorientation. Daneshy [32] considers the effect of fracturing fluid on the distribution of in situ stress near the fracture and demonstrates the possibility of changing the orientation of in situ stress.
Although many scholars have studied the HF propagation mechanism of coal during initial fracturing, refracturing in a coal seam has not been studied. In contrast to conventional reservoirs, changes in in situ stress and the existence of cleats lead to changes in the propagation mechanisms of HFs. Our understanding is constrained by the fact that few large coal specimens are used in hydraulic fracturing tests due to the difficulty of sampling and artificial rock samples cannot truly reflect the mechanical properties of coal. In this paper, we report on the propagation of HFs during true triaxial hydraulic fracturing simulation testing carried out with large natural coal samples from Qinshui Basin in Shanxi Province, China. The influences of cleats and stress inversion on the initiation and propagation of HFs during refracturing are studied. The test parameters [33, 34] are set up according to the scaling laws. Experimental results can explain the phenomenon that coal is different from the conventional reservoir during refracturing and provide theoretical basic support for refracturing in coal seams.
Experimental Equipment and Procedure
2.1. Experimental Equipment. We used a true triaxial hydraulic fracturing simulation test system (Figure 2 ) to conduct experiments on 10 cubical specimens measuring 300 mm to a side. The natural coals used in the experiment are taken from a typical outcrop of high-rank anthracite in the and a permeability of 1 91 × 10 −3 mD, respectively. The coal specimens are anisotropic due to the presence of cleats with multiple directionalities. They exhibit distinctly different mechanical properties measured parallel and perpendicular to bedding planes (BPs). The petrophysical properties of the testing coal are shown in Table 1 .
During sample preparation, a borehole with a diameter of 16 mm and a length of 165 mm was drilled along the vertical direction. Then, a steel tube with an outer diameter of 15 mm, an inner diameter of 8 mm, and a length of 135 mm was bonded to the center hole of the specimen by epoxy resin, forming a simulated wellbore. An open-hole section of 30 mm was left in the lower part as a HF initiation point. The complete process of specimen preparation is shown in Figure 3 . In order to study the influence of cleats on the HF propagation, we chose the specimens with multiple cleats at the top of the surface. Figure 4 shows the internal structure of a typical specimen.
In order to consider the similarity between the physical phenomena observed in the field and the results of the experimental model, the scaling laws are applied to improve the credibility of the experiment itself [35, 36] . Parameters of this test are shown in Table 2 , where σ v is the vertical stress of the formation, σ H is the maximum horizontal principal stress, σ h is the minimum horizontal principal stress, σ H ′ is the maximum horizontal principal stress after stress inversion, and σ h ′ is the minimum horizontal principal stress after stress inversion. A constant injection rate (20 mL/min) is selected for fracturing, and the fracturing fluid is active water (μ = 0 001 Pa s). The main components of active water are clear water, surfactant, antiswelling agent, and cleanup agent. Active water has the characteristics of low viscosity, low damage to coal seams, and easy to flow back, and it is widely used in coal seam fracturing. The green fluorescent agent, which can adhere to the surface of fractures and has no negative effect on the rheological properties of active water, is added to the initial fracturing fluid, whereas the blue fluorescent agent is added to the refracturing fluid, allowing us to distinguish HFs generated by different processes.
Experimental Procedure.
To compact the bedding plane and prevent shear failure in specimens before experiments, the orientations of σ v , σ H , and σ h were applied sequentially. σ v was first applied in the x-axis direction; then, σ H and σ h were applied in the y-axis and z-axis directions. After stress loading, specimens stood for 30 min in order to balance stress around the wellbore [37] . Table 2 lists the experimental scheme and design parameters. During the experiments, the injection pressure at the wellhead was monitored. HFs connected cleats continually during the fracturing process due to the heterogeneity of coal; under the action of pump pressure and liquid filtration, cleats near the HFs were opened and closed repeatedly, resulting in frequent pressure curve fluctuations [38] . After initial fracturing, the maximum and the minimum horizontal principal stresses were inverted. Then, the initial fracturing steps were duplicated. The syringe pump was kept under shut-in until the injection pressure remained stable at a low level. Finally, the specimen was taken from the loading frame and split to reveal the morphology of the initial and new HFs.
Experimental Results and Analysis
Experiment results are shown in Table 3 . After the experiment, the fractured specimens were split along the surface, allowing us to observe the morphologies of the HF. Figure 6 shows the curves of injection pressure versus time for the refracturing experiments. Injection pressure increased rapidly from zero when active water flowed into the wellbore until it reached a peak value. Afterward, it decreased sharply, indicating that HFs were formed in the open-hole section. Then, active water flowed into HFs and cleats. During the injection process, HFs connected cleats continuously at an extension pressure, and cleats near the main HF were frequently opened and closed under the action of the pump pressure and liquid filtration, thereby causing pressure curve fluctuation until the pump was shut in. The pressure curve patterns under different experimental conditions were distinctly different, especially in terms of breakdown pressure. Specimens without new HFs during refracturing (1, 2, 5, and 9) had a higher breakdown pressure for initial fracturing than for refracturing (Figures 6(a), 6 (b), 6(d), and 6(f)). No obvious breakdown pressure could be observed in the curve of specimen 9 ( Figure 6(f) ). The observation of this specimen showed that cleats and NFs were widely distributed on the specimen surface. During the drilling process, due to the external stress, fractures were initiated near the open hole and wellbore when the borehole intersected with cleats. Active water directly flowed into these fractures and cleats during fracturing. Thus, pressure could not be built effectively in the open-hole section, resulting in no obvious breakdown pressure drop.
Injection Pressure Curves.
Remarkably, for specimens with new HFs during refracturing, the breakdown pressure of initial fracturing was equal in value (specimen 7) (Figure 6(e) ) or lower than that of refracturing (specimen 4) (Figure 6(c) ). After initial fracturing, fluid pressure inside the fractures were reduced, and additional stress existed in two orientations: perpendicular to the fracture and parallel to the fracture. During the refracturing process, fracture reorientation occurred only when the net pressure exceeded the sum of the horizontal stress difference and the rock tensile strength [39] [40] [41] [42] . As fractures always propagated along the minimum resistance zone [43] , if the net pressure failed to meet the minimum requirement, fractures preferentially extended along the initial fracture and cleats, resulting in a breakdown pressure of refracturing that was lower than the initial breakdown pressure. The formation of new HFs is also influenced by the comprehensive effects of cleats and the in situ stress field. This will be discussed in the subsequent sections.
3.2. Cleat Influence on HF Geometry. Figure 5(a) , showed that the initial HF in specimen 1 did not propagate entirely along the orientation of σ H but instead deflected about 45 degrees from the horizontal direction. HFs deflected when they encountered face cleats, propagating along them to form the major HF. Butt cleats were connected to the major HF subsequently when more fluid was injected into the wellbore, resulting in a rough, zigzagging propagation path. HFs on the specimen surface did not intersect with the wellbore; this result was also found in coal mines [44] . A similar phenomenon was observed in specimen 2. In this case, fracture Our results show that the unique natural fracture system of each sample has a crucial impact on HF growth during fracturing. Developments of microfractures are higher in coal seams than in conventional reservoir rocks. These microfractures, represented by cleats, are in closure status under initial stress conditions. Cleats tend to be activated preferentially due to the low friction coefficient when the fracture fluid is injected [45, 46] , and the stress state and stress intensity factor on the fracture tip will be changed as a result. Laboratory tests and theoretical deductions show that the stress field, especially the direction of stress, changes appreciably when HFs intersect with preexisting discontinuities, resulting in a tensile stress concentration area between fracture tips. When tensile stress overcomes fracture toughness at the tips of cleats, HFs will propagate along cleats and enhance the connectivity between HFs and NFs.
3.3. Influences of Geostress on HF Geometry. Two aspects of the influences of geostress on HF propagation in coal during refracturing were investigated: (1) the horizontal stress difference (Δσ h = σ H − σ h ) and (2) the inversion of in situ stress. 
Specimen number
In situ stress (initial fracturing) In situ stress (refracturing) Injection rate (mL/min) Fluid viscosity (mPa·s) (Figures 5(a) and 5(b) ). With increasing values of Δσ h (4-8 MPa), the HFs tended to increasingly penetrate through cleats and propagate along the orientation of σ H . During refracturing, some new HFs were initiated near the major HFs, which opened multiple cleats. This observation can be explained by the fact that cleats are more permeable when subject to low horizontal stress differences, which, in coal, tend to occur at high permeability pathways and weak cemented planes. HFs will propagate preferentially along cleats. In contrast, large horizontal stress differences exert more pressure on the cleats, and HFs will propagate in the orientation of σ H under the effect of higher horizontal stress differences. However, a fracture network composed of HFs intersected with cleats and beddings was found in specimen 9, which was under a large horizontal stress difference (Δσ h = 8 MPa) ( Figure 5(f) ). The observation of this split specimen showed that numerous NFs and beddings developed around the wellbore, which weakened the strength of coal. Most of the fractures marked with red dashed lines indicate that refracturing led to a dilation of these preexisting NFs rather than the creation of new HFs.
Although it is difficult to create a fracture network because of the high Δσ h [33, 38] , our results indicate that during refracturing, using active water can be conducive to the increase in the complexity of HFs in coal seams. A similar phenomenon was observed in shale by using low viscosity fluids [47] .
The Inversion of In Situ
Stress. The inversion of in situ stress also greatly influences the creation of new HFs. Some research has shown that the distribution of the stress field would be changed by the existence of initial HFs and production activities; hence, the direction of a new HF propagation can be reoriented [27, 29, 48, 49] . A similar phenomenon was found in specimens 4 and 7 ( Figures 5(c) and 5(e) ). With the vertical stress (σ v = 15 MPa) and horizontal stress differences (Δσ h = 4 MPa) after stress inversion, a single-wing HF was created in specimen 4. This HF propagated upward orthogonal to the initial HF. The new HF encountered cleats and NFs constantly on the growth path ( Figure 5(c) ). Specimen 7 experienced a higher horizontal stress difference (Δσ h = 6 MPa). In this case, new HFs were also observed, but unlike specimen 4, the new HFs extended upward and downward simultaneously in the vertical direction of the initial HF, indicating the generation of more complex fractures ( Figure 5(e) ). Figure 5(d) shows a different HF morphology without stress variation in specimen 5 (Δσ h = 4 MPa). Only two branches were formed during fracturing, which were distributed symmetrically with the wellbore at the center. Experimental observations suggest that it is difficult to create new HFs in refracturing if the horizontal stress difference is less than 4 MPa ( Figure 5(b) ), even with the stress inversion ( Figure 5(a) ). However, this also depends on the viscosity and injection rate of the fluid and the conductivity of the existing fracture and cleat system. Specimen 9 was under the highest horizontal stress difference (Δσ h = 8 MPa); with the inversion of the two horizontal stresses, the original fractures were reopened and HFs propagated along the old orientation ( Figure 5(f) ) due to the massive development of cleats and NFs inside the coal. The experimental results show that reorientation does not always occur in naturally fractured rocks. When the stress change induced by production is weak, the existence of an initial hydraulic fracture may provide a low-energy pathway for the refracture growth, which makes it difficult to create new fractures during refracturing.
A critical indicator of a successful refracturing is the presence of new HFs. As shown in Figure 5 , the geometries of HFs after refracturing are complex. By combining our knowledge of experimental conditions with the magnitude of Δσ h and inversion of σ H and σ h , we can find that the stress condition of the reservoir has a great influence on fracture propagation. In the refracturing treatment, HFs tend to propagate along initial HFs and NFs under low Δσ h conditions no matter how stress changes; by contrast, under large Δσ h , HFs initiate at weak points on the surface of the initial HFs and propagate (Figure 7(c) ). Specimens 4 and 7 belong to this type. Fracture orientations of this type fully propagated along an orientation perpendicular to σ h , and cleat development was further from the wellbore. Fracture initiation and propagation occurred inside the coal matrix; at the same time, energy could be saved effectively with continuous injection of fluid. As the net pressure reached the minimum requirements of fracture inversion, new HFs were ultimately initiated along the orientation of σ H ′ .
Discussion
Of the three types of refracture initiation and propagation summarized above, Type 3 is the best for CBM refracturing engineering. Less intensive coal cleat development can reduce the filtration of fracturing fluids, expand the coverage area of the fractures, and improve coalbed methane exploitation. Meanwhile, HFs in new orientations communicate with cleats during refracturing, employing the area untouched in the initial fracturing treatment effectively and improving productivity greatly. For wells that may not be in the optimal refracturing timing, some techniques can be taken to generate new diverting HFs. These include temporary plugging of initial HFs or perforations and diverting fracturing elsewhere, thus increasing the contact area with the coal seam.
Various factors affect the generation of new HFs, key among them is the distribution of the stress field. The chance to create new HFs in the stress reversal region is more obvious. Meanwhile, larger horizontal stress differences prevent initial HFs from reopening. A smaller tensile strength helps new HFs to initiate on the surface of initial HFs, which is a favorable factor for coal. Our research proves that refracturing is a promising way to increase productivity and achieve significant economic benefits in coal seam hydraulic fracturing.
The type of fracturing curve and the magnitude of breakdown pressure closely correlate with the propagation process of hydraulic fractures in coal seams. The initiation position (inside the cleat and matrix) can be determined by comparing breakdown pressures. As shown in Figure 8 , in this experiment, if the fracture was initiated in cleats, the first breakdown pressure varied between 4.14 and 9.28 MPa, and the second breakdown pressure varied between 1.82 and The second breakdown pressure is obviously lower than the first breakdown pressure, which indicates that the initial HF is reopened or further extended during refracturing (specimens 1, 2, 5, and 9). If the second breakdown pressure is higher or close to the first breakdown pressure, a new HF may be generated (specimens 4 and 7). As coal is relatively heterogeneous within and among specimens, breakdown pressures vary sharply. The breakdown pressure probably is not included in the given range, but the analysis of the fracturing curve can be used as a kind of speculation of HFs.
Comparing the results in our experiments with the mineback observation from Diamond and Oyler [44] , we can find that fracture geometries are similar. Multiple fractures were distributed around the wellbore, and the complexity of fractures decreased as the distance from borehole increased. Most of the fractures propagated along face cleats or penetrated face cleats and butt cleats occasionally. The fracture growth path depended on the initiation location and the influence of the horizontal stress difference. Meanwhile, the fractures did not intersect with the wellbore when we traced back the fractures that propagated along or parallel to the face cleat. Specimens 1, 2, and EM-8 reported by Diamond and Oyler [44] showed the same result. Observations from specimens 1 and 2 showed that the fracture path was characterized as stairstep, and this was the result of the alternating propagation between the face cleat and the butt cleat. The report by Diamond and Oyler [44] also indicated that the strong heterogeneity and anisotropy in coal seams made hydraulic fractures propagate asymmetrically, and the fractures tended to extend to more friable and "soft" coal seams in the upper part of the Blue Creek Coalbed. The asymmetrical propagation of fractures was also found in specimen 4. The comparison of fracture morphologies between the experiment and mineback observation verifies that the results of our experiments are reasonable and can explain phenomena observed in the field.
In the experiments, according to previous research results, σ H and σ h are inverted to simulate the change in the in situ stress field after the initial fracturing. However, in the actual formation, changes in the in situ stress field are very complex because of the influence of initial HFs and the long duration of CBM production. In addition, a 90°i nversion of stress is an extreme case; multiple field data show that the reorientation angle of a new HF is generally less than 90° [50, 51] . The relationship between the horizontal stress changes and refracture reorientation cannot be derived systematically. The tests and analyses above have shown that changes in in situ stress indeed have significant effects on the propagation of refractures, especially on the breakdown pressure of refracturing, initiation orientation of refractures, and geometry of HFs. In order to improve the test plan and arrive at more general guiding rules, a more in-depth study should be carried out.
Conclusions
This paper validated a new measure for improving the productivity of fractured wells in coal seams. The effects of cleats and in situ stress inversion on new HF initiation and 12 Geofluids propagation in coal were studied through laboratory experiments. The following results were obtained:
(1) The type of the fracture curve reflects the propagation processes of the hydraulic fracture. The breakdown pressure needed to form new HFs is higher than that associated with initial fracturing, and HF reorientation occurs only when the net pressure exceeds the sum of the horizontal stress difference and the tensile strength of coal. Otherwise, fractures will continue to propagate along the initial HFs and weak planes (2) Under low horizontal stress differences (0-2 MPa), cleats exert a significant influence on hydraulic fracture initiation. Although HFs propagate along cleats to increase connectivity and initial HFs are reopened during refracturing, it is difficult to form a new HF. The ability of cleats to control HF propagation diminishes as the horizontal stress difference increases (3) Inversion of in situ stress promotes the creation of new HFs. Under high horizontal stress differences (more than 4 MPa), if the in situ stress does not change, only some branches are formed on the surface of the initial HFs. If the horizontal maximum and minimum stresses are inverted, new HFs will propagate perpendicular to the initial HFs
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